The equatorial Pacific traverses a number of productivity regimes, from the highly productive coastal upwelling along Peru to the near gyre-like productivity lows along the international dateline, making it an ideal target for investigating how biogeochemical systems respond to changing oceanographic conditions over time. However, conflicting reconstructions of productivity during periods of rapid climate change, like the last deglaciation, render the spatiotemporal response of equatorial Pacific productivity ambiguous. In this study, surface productivity since the last glacial period (30,000 years ago) is reconstructed from seven cores near the Line Islands, central equatorial Pacific, and integrated with productivity records from across the equatorial Pacific. Three coherent deglacial patterns in productivity are identified: (1) a monotonic glacial-Holocene increase in productivity, primarily along the Equator, associated with increasing nutrient concentrations over time; (2) a deglacial peak in productivity~15,000 years ago due to transient entrainment of nutrient rich southern-sourced deep waters; and (3) possible precessional cycles in productivity in the eastern equatorial Pacific that may be related to Intertropical Convergence Zone migration and potential interactions with El Niño-Southern Oscillation dynamics. These findings suggest that productivity was generally lower during the glacial period, a trend observed zonally across the equatorial Pacific, while deglacial peaks in productivity may be prominent only in the east.
Introduction
The equatorial Pacific comprises the largest tropical expanse of ocean on Earth today. Upwelling along the equator and in the eastern boundary current supplies surface waters with abundant nutrients that make this region an important biogeochemical province. In addition to upwelling, surface productivity may be influenced by a number of different processes related to El Niño-Southern Oscillation Turk et al., 2001; Park et al., 2011] , Intertropical Convergence Zone (ITCZ) and seasonality [Dandonneau et al., 2004; Koutavas and Lynch-Stieglitz, 2005] , trace nutrient limitation (Fe and Si) [Coale et al., 1996; Moore et al., 2004; Baines et al., 2011; Brzezinski et al., 2011] , and nutrient export from the Southern Ocean [Sarmiento et al., 2004; Liu and Alexander, 2007; Rafter and Sigman, 2016] . The complex interplay of these processes may create zonal productivity gradients that, if identified and reconstructed, can provide insight into the relative sensitivities of the biological community to subtle changes in oceanographic conditions from east to west. Yet reconstructing the spatiotemporal patterns of productivity on orbital and suborbital time scales has been inconclusive.
Previous studies focusing on glacial and interglacial mean states in the equatorial Pacific have alternately suggested that (1) productivity was greater in glacial periods than in interglacial periods [Pedersen, 1983; Sarnthein et al., 1987 Sarnthein et al., , 1988 Lyle, 1988; Lyle et al., 1988; Pedersen et al., 1991; Thunell et al., 1992; Perks et al., 2002; Richaud et al., 2007; Murray et al., 2012] or that (2) productivity was greater in interglacial periods than in glacial periods. [Pichat et al., 2004; Bradtmiller et al., 2006; Richaud et al., 2007; Costa et al., 2016] . Studies encompassing the rapid climate change between glacial and interglacial states have also suggested that (3) the productivity maximum actually occurred during the deglaciation [Loubere, 2000; Bradtmiller et al., 2006; Martinez et al., 2006; Kienast et al., 2007; Anderson et al., 2009; Pichevin et al., 2009; Dubois et al., 2010; Hayes et al., 2011; Winckler et al., 2016] . While much of this work is focused on the eastern equatorial Pacific, the records within even this small region do not achieve consensus.
Inconsistencies between these results may reflect real spatial variability in the evolution of equatorial Pacific productivity, but they may also be artifacts of the multitude of proxies and techniques employed, each of which has its own particular biases and limitations. For example, using constant flux proxies, like 230 Th, to calculate mass accumulation rates can sometimes reverse previous conclusions derived from age model-based mass accumulation rates [Paytan et al., 1996; Murray et al., 2012; Winckler et al., 2016] which fail to account for the influence of small but systematic errors in age models and postdepositional sediment distribution. In this study, we first reconstruct glacial to Holocene (0-30,000 years ago, or 0-30 ka) productivity ( 231 Pa/ 230 Th) from seven cores near the Line Islands, an understudied region in the central equatorial Pacific that is more likely to capture the mean signal rather than the seasonal upwelling fluctuations prominent in the eastern equatorial Pacific. We then compare these new records with previously published productivity reconstructions ( 231 Pa/ 230 Th, opal fluxes, excess Ba fluxes, and organic carbon fluxes) from across the equatorial Pacific ( Figure 1 and Table 1 ) covering the last 30 kyr to identify coherent patterns in productivity in order to assess how different zones of the equatorial Pacific respond to changing oceanographic conditions.
Materials and Methods
In May 2012, the R/V Marcus G. Langseth sailed to the Line Islands, where a suite of carbonate-rich cores (>80 wt %) were collected from just south of the equator (0.22°S) to approximately 7°N along the 159°W (±3°) meridian ( Figure 1 ). The seven cores utilized in this study are detailed in Table 1 . Core chronologies are based on linear interpolation between 6 and 9 radiocarbon dates [Costa et al., 2016; Jacobel et al., 2016a] as well as oxygen isotopes [Lynch-Stieglitz et al., 2015; Jacobel et al., 2016b] . These cores have sufficiently high sedimentation rates (1.4-3.7 cm/kyr) that 1 cm sampling over the deglacial interval can temporally resolve multimillennial shifts in productivity. While appropriate for reconstructing trends in productivity during the deglaciation, millennial scale events are likely to be affected by bioturbation, which mutes the apparent intensity [Anderson, 2001] and extends the apparent duration [Trauth, 2013] 230 Th normalization are (1) quantification of absolute particle fluxes, (2) elimination of dilution effects, (3) insensitivity to small errors in age model (about 1%/kyr), and (4) correction for lateral sediment inputs (e.g., focusing and winnowing). Although 230 Th normalization has been a topic of considerable debate in the equatorial Pacific [Lyle et al., 2005 Francois et al., 2007; Marcantonio et al., 2014] , the applicability of this technique has been justified in extensive detail McGee et al., 2010; Costa and McManus, 2017] , including across the equatorial Pacific [Pichat et al., 2004; Anderson et al., 2006 Anderson et al., , 2008 Kienast et al., 2007; McGee et al., 2007 and particularly at the Line Islands [Costa et al., 2016; Jacobel et al., 2016a Jacobel et al., , 2016b . 231 Pa, like 230 Th, is produced by uranium ( 235 U) decay in the water column and scavenged by particles settling to the seafloor. While 230 Th scavenging is highly efficient and nearly all the 230 Th produced in the water column is exported to the sediment, the same is not true for 231 Pa. Scavenging of 231 Pa from the water column is much less effective, and it can be dependent on both the particle flux [Anderson et al., 1983 [Anderson et al., , 1990  Global Biogeochemical Cycles 10.1002/2016GB005579 Bacon, 1988; Hayes et al., 2013] and the particle composition [Chase et al., 2002 [Chase et al., , 2003 Geibert and Usbeck, 2004; Kretschmer et al., 2011] . In regions with low particle flux, 231 Pa will escape scavenging, and particles will likely acquire a 231 Pa/ 230 Th ratio much lower than that of production in the water column (β 231Pa / β 230Th = 0.093; activity ratio). In regions of high particle flux, 231 Pa will be more efficiently scavenged so that particles acquire high 231 Pa/ 230 Th ratios, potentially greater than production. Similarly, opal has a particular affinity for 231 Pa, so that opal rich sediments will tend to have high 231 Ba, or organic C fluxes, is its relative insensitivity to changes in preservation and diagenesis [Chase et al., 2003; Pichat et al., 2004] . Comparisons between 231 Pa/ 230 Th and other productivity proxies like opal and barite fluxes demonstrate its utility as a proxy for total surface productivity in the Line Islands sediment cores [Costa et al., 2016] .
To assess the regional patterns of productivity, an empirical orthogonal function (EOF) analysis was conducted on a total of 28 records from the equatorial Pacific (Table 1) . Records were selected based on the following criteria: (1) average temporal resolution was better than 2.5 kyr and (2) the productivity indicator was normalized to a constant flux proxy, 230 Th xs 0 . The equatorial Pacific is divided into four subregions: the easternmost equatorial Pacific (EEEP, <95°W, n = 10), the eastern equatorial Pacific (EEP, 95-135°W, n = 6), the central equatorial Pacific (CEP, 135-180°W, n = 8), and the western equatorial Pacific (WEP, 140-180°E, n = 4 Figure 1 ) in order to not bias the analysis toward high-frequency anomalies. Prior to analysis, all records were interpolated to 500 years, to minimize the loss of information from the higherresolution records, and then individually z scored. The results of the EOF analysis are a series of nonoverlapping (orthogonal) modes that reduce the multivariate data set into the most prominent productivity trends over the past 30 kyr. The loading factors reflect the relative importance of a mode at each core site, i.e., the spatial distribution of that mode. To assess the uncertainty in the EOF results, the data set was resampled 1000 times using a randomly determined set of 15 of the 28 available records (about half the spatial resolution) and reanalyzed for the EOF modes. 
EOF Analysis of All Cores Across the Equatorial Pacific
The EOF analysis establishes three major modes of deglacial productivity that jointly explain about 74% of the variability in the 28 records from the equatorial Pacific (Figures 4 and 5) . The first mode explains about half the variability (48.9 ± 4.8%) with a productivity minimum at the LGM and a maximum in the mid-Holocenẽ 5 ka. It is particularly evident in the central and western equatorial Pacific, while the opposite pattern of a glacial maximum and mid-Holocene minimum is more prominent in the eastern equatorial Pacific. The second mode (15.5 ± 2.7%) identifies a prominent deglacial productivity peak around 15 ka with very little difference between the LGM and the Holocene productivity values. The spatial pattern is somewhat nondistinct, but the mode seems to be most important at open ocean sites. The third mode (9.8 ± 1.7%) contains productivity peaks every 10 kyr at 0, 10, 20, and 30 ka, and productivity reaches its maximum at~10 ka. This Global Biogeochemical Cycles
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mode is most prominent within the high-nutrient, low-chlorophyll region of the eastern and central equatorial Pacific (see Figure 1) . Uncertainty analyses based on 1000 reiterations of the EOF analysis suggest that even if the amplitude may be less well defined, the timing of productivity peaks in Mode 1 and Mode 2 is quite robust.
Discussion
At the Line Islands, the dominant spatiotemporal structure is the equator-northward meridional gradient in productivity. Throughout the last 30 kyr, productivity has always been highest at the equator (Figure 3) , and the high productivity zone extended consistently to~1.5-2°N. This spatial trend is much more robust than the various temporal patterns during the deglaciation. Any temporal changes in productivity co-occurred along the suite of cores in such a fashion that the spatial gradient was not disrupted. The steep decline of productivity at 2°N suggests a nutrient front between nutrient-rich upwelling waters and nutrient-deficient surface waters north of 2°N. The position of this front may be sensitive to several parameters, for example, (1) Fe/NO 3 À ratio of upwelled waters, (2) mixed layer depths, (3) nutrient concentrations in upwelled waters, and (4) physical rate of upwelling. The link between subantarctic mode water (SAMW) and the Equatorial [Costa et al., 2016] , and the similar spatial patterns in productivity through the LGM, deglaciation, and Holocene may permit an extension of this finding throughout the investigated time period. While this interpretation may be speculative, continuing work on meridional sea surface temperature gradients [e.g., Koutavas and Lynch-Stieglitz, 2005; Kienast et al., 2013; Dubois et al., 2014] will likely provide more conclusive results.
The two cores within the equatorial upwelling zone are the same cores that exhibit a strong glacial to Holocene monotonic increase in productivity. If we can assume the rate of upwelling was constant, this trend may indicate an increase in nutrient concentrations in the upwelling waters over time (see section 4.1). On the other hand, the cores outside this upwelling zone show different temporal patterns with higher-frequency variability. Normalizing (z score) the seven records to remove the meridional gradient reveals a small peak in productivity that appears to transgress southward from 7°N at 18.6 ka to 2.5°N at 14.1 ka (Figure 3) . The incoherent timing of this peak is likely an artifact of bioturbation on the variable sedimentation rates of these cores. The most accurate record of this peak is expected at the highest sedimentation rate core (31 BB, 3.7 cm/kyr), where it occurs~15-17.5 ka. On average 231 Pa/ 230 Th increased 20 ± 13% in this peak relative to the LGM, a conservative estimate for the change in productivity [Costa et al., 2016] , but the high variability of the record within this interval makes it statistically indistinguishable from the LGM-Holocene increase in 231 Pa/ 230 Th (12 ± 7%) within the same core. The unremarkable amplitude combined with the early deglacial timing contrasts with the deglacial productivity peaks previously observed in the easternmost equatorial Pacific (EEEP), which center~15 ka and overwhelm the glacial-interglacial variability [e. g., Kienast et al., 2006] . Instead, this early deglacial productivity peak in the central equatorial Pacific may be more related to the secondary 10 kyr cycles in productivity that are sometimes superimposed on glacial-interglacial trends (see section 4.3). 
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The deglacial productivity patterns observed in the study sites are not unique to the central equatorial Pacific, but they are representative of common patterns recorded across the equatorial Pacific. The EOF analysis distilled the equatorial Pacific records into three modes that together explain over three quarters of the variability in productivity over the last 30 kyr: (1) glacial-interglacial monotonic increase, (2) deglacial peak~15 ka, and (3) 10 kyr cycles. While this multivariate data reduction technique can identify these dominant trends, it provides no indication for the mechanism(s) driving them. Multiple interpretations of these mechanisms are possible, and below we describe and justify our preferred interpretations. Future work may help pinpoint the most relevant physical processes.
Mode 1: Nutrient Concentrations
The dominant productivity signal, explaining almost half the variability of the last 30 kyr, is a gradual increase from the glacial period to the Holocene. This pattern was previously noted in the two cores within the equatorial divergence of the Line Islands, where there was no conclusive evidence for substantial changes in the rate of upwelling based on the nearly identical meridional profiles of foraminifera-bound δ 15 N in the Holocene and last glacial period [Costa et al., 2016] . Here the increase in productivity associated with Mode 1 extends across the equatorial Pacific from 100°W to 150°E and from 5°S to 3°N. 
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Assuming that upwelling rates are relatively stable across this region, as observed near the Line Islands, this pattern may instead arise from changes in the chemical properties, such as nutrient concentrations, of the upwelling waters over time.
The equatorial Pacific, particularly the EEEP and EEP, is well characterized as Fe limited today [Coale et al., 1996; Brzezinski et al., 2011; Saito et al., 2014] , but the greater glacial dust deposition in this region was insufficient to relieve Fe limitation and promote productivity [Costa et al., 2016; Winckler et al., 2016] . With aeolian fluxes of iron eliminated as a primary driver of productivity, changes in upwelling nutrient concentrations are likely to be the dominant control on surface productivity in this region [Barber and Chavez, 1991; Berelson et al., 1998; Chavez et al., 1999; Altabet, 2001; Robinson et al., 2005; Strutton et al., 2008 Strutton et al., , 2011 .
Upwelling water along the equatorial Pacific comes from the EUC, which travels eastward at 100-150 m water depth, shoaling systematically from west to east. It consists of a deep low-volume, nutrient-rich layer and a shallow high-volume, less nutrient rich layer, which is the major reservoir for upwelling [Loubere, 2001] . The EUC is zonally well mixed so that there is no transformation of nutrient concentrations or their isotopic compositions (e.g., δ 15 N) from west to east across the basin . This homogeneity implies rapid advection of waters through the EUC and, consequently, little chemical difference between waters upwelled at 160°E or 120°W . Any change in nutrient concentrations within the EUC over time should be recorded simultaneously as a relative increase in nutrients across the equatorial Pacific . This expectation is consistent with the spatial pattern of Mode 1, in which positive loading factors characterize nearly the entire equatorial region, except at the easternmost part.
The nutrient composition of the EUC is dependent on that of the southern-sourced intermediate waters, which flow northward, shoal through diapycnal mixing within the South Pacific gyre, and ultimately furnish the EUC with nutrients [Sarmiento et al., 2004; Liu and Alexander, 2007; Pena et al., 2008; Rafter et al., , 2013 Rafter and Sigman, 2016] . The nutrient concentrations of SAMW are determined by the remnants of surface productivity in the subantarctic zone and by entrainment of subsurface waters during the formation of SAMW [Holte et al., 2012 [Holte et al., , 2013 Ayers and Strutton, 2013] and during diapycnal mixing in the South Pacific Gyre [Rafter et al., , 2013 Rafter and Sigman, 2016] . Today, nutrient utilization in this region is iron limited, and surplus nutrients are subducted into SAMW, integrated with additional nutrients entrained from deep waters, and transferred to the EUC [Sarmiento et al., 2004; Martinez and Robinson, 2010] . During the glacial period, however, abundant atmospheric dust deposition relieved iron limitations in surface waters of the subantarctic zone of the Southern Ocean so that nutrient utilization increased significantly [Martinez-Garcia et al., 2014] . This productivity boon in the Southern Ocean consumed the surplus surface nutrients so that only low residual nutrients were conducted to the equatorial Pacific via SAMW. Furthermore, a weakening or an equatorward shift of the westerlies may have further lowered nutrient concentrations by reducing the entrainment of nitrate and silicate from deep waters [Kohfeld et al., 2013] . Thus, while glacial productivity was high in the subantarctic Southern Ocean, it was low in the WEP, CEP, and EEP [Costa et al., 2016; Winckler et al., 2016] .
As nutrient utilization in the subantarctic zone of the Southern Ocean gradually declined during deglaciation and the westerlies weakened and/or moved poleward, nutrient concentrations in the equatorial Pacific rose correspondingly, allowing for the gradual increase in productivity indicated by Mode 1. Increasing nutrient concentrations during the deglaciation have been previously inferred on the basis of foraminiferal δ 13 C [Loubere, 2000; Spero and Lea, 2002; Pena et al., 2008] , bulk sedimentary δ 15 N [Robinson et al., 2009; Galbraith and Jaccard, 2015] , and lower surface pH [Martinez-Boti et al., 2015] . Interestingly, this trend suggests that productivity increased even as aeolian-derived iron fluxes were simultaneously decreasing during the deglaciation [e.g., McGee et al., 2007] . This seeming paradox can be explained by the relatively constant Fe:NO 3 À ratio in upwelling waters that is maintained by the remineralization of sinking organic matter [Ho et al., 2003 ] as well as sedimentary iron sources from the western Pacific [Slemons et al., 2010 [Slemons et al., , 2012 Labatut et al., 2014; Qin et al., 2016] . As the nutrient concentrations of upwelling waters increased, the iron concentrations of those waters would correspondingly increase as sea level rose and the inundation of shallow sedimentary areas supplied more iron to the EUC. The iron concentrations of upwelling waters far exceed the iron contributions from dust in the equatorial Pacific , so that the net change in iron concentrations would be largely determined by that of upwelling waters. Tandem variability of Fe and Global Biogeochemical Cycles
NO 3 À in upwelling waters would allow for an increase in productivity during the deglaciation but would not negate the modern observations of iron limitation, which can only be relieved by an outside source of iron independent of nutrients (e.g., dust or hydrothermal inputs).
The negative factor loading of Mode 1 in the EEEP suggests that locally higher productivity may have occurred near the continental margin during the glacial period. This region is influenced by both equatorial divergence and eastern boundary current upwelling, and so it may not be expected to show the same productivity pattern as the rest of the equatorial Pacific [Loubere, 2000] . Indeed, EOF analysis of only the EEEP productivity records demonstrates that Mode 1 is somewhat less important than in the rest of the basin and that Modes 2 and 3 combined explain just as much of the variance as Mode 1 in this region ( Figure 6 ). In addition to the nutrients transported eastward in and upwelled from the EUC, the EEEP nutrient pool may be supplemented by (1) nutrients traveling northward in the Peru current and (2) aeolian and fluvial inputs from the continental margin. Trade winds drive surface waters northward along the coast of Chile and Peru [Fiedler and Talley, 2006] , and unutilized nutrients within the Peru upwelling system are contributed to the EEEP, so that nutrient utilization increases northward toward the equator [Doering et al., 2016] . Reduced nutrient utilization coupled with reduced or constant productivity in the Peru upwelling system during the last glacial period might increase the export of nutrients from the coast to the equator and contribute an "extra" source of nutrients to the EEEP. Low nutrient utilization and productivity would be consistent with δ 30 Si and opal flux records along the Peruvian coast [Ehlert et al., 2013; Doering et al., 2016] , but large fluctuations in the records and short length of the records (maximum age, 20 ka) may not have been able to capture the true glacial mean state. Alternatively, continentally derived nutrients may have been more important for surface productivity in the EEEP when lower glacial sea level would have permitted transport farther west into the upwelling region. An evaluation of the source behind these extra nutrients in the EEEP is beyond the scope of this paper, but the distinct biogeochemistry of this region presents an oceanographic mystery that comprises a specific directive for future research. At this time, the localized productivity pattern of the EEEP in Mode 1 seems to indicate that divergent reconstructions of productivity in the eastern equatorial Pacific may be a consequence of localized responses to distinct nutrient regimes. Global Biogeochemical Cycles 10.1002/2016GB005579
Mode 2: Equatorial Divergence and Upwelling Rates
The second mode, a productivity peak at 15 ka, explains about 15% of the variability in productivity across the equatorial Pacific during the deglaciation, less than a third of what can be attributed to Mode 1. This mode is almost entirely driven by the records from the EEEP, in which it explains almost 30% of the variance in productivity (Figure 6 ). Outside of the EEEP, the~15 ka peak associated with this mode is only slightly greater than the productivity in the glacial period and the late Holocene, and it is identifiable primarily by the deep productivity troughs that flank it. Rather than a gradual transition between glacial and interglacial states, Mode 2 more likely represents a transient instability in response to the changing climate in that interval. The deglacial period is associated with rapid reorganizations of atmospheric and oceanic circulation [e.g., McManus et al., 2004; Piotrowski et al., 2004; Anderson et al., 2009; Jacobel et al., 2016b] that can temporarily but acutely alter the nutrient concentrations and thus the productivity in upwelling waters.
During the deglaciation, cooling of the Northern Hemisphere during Heinrich Stadial 1 (HS1) shifted the Southern Hemisphere westerlies poleward [Toggweiler et al., 2006; Denton et al., 2010] , overturning the previously stratified waters of the Southern Ocean. Enhanced Ekman transport and upwelling intensity deliver nutrient rich circumpolar deep water [Martinez-Boti et al., 2015] , releasing CO 2 back into the atmosphere and ventilating the deep oceans [Anderson et al., 2009; Burke and Robinson, 2012; Allen et al., 2015; Galbraith and Jaccard, 2015] . These nutrient-rich deep waters first generated increased opal production south of the Antarctic Polar Front [Anderson et al., 2009] before entrainment into SAMW traveling northward to the EUC and into AAIW heading toward the tropical Atlantic [Poggemann et al., 2017] . In the equatorial Pacific, the presence of high-nutrient southern-sourced deep waters during the deglaciation has been observed in the EEP as a peak in productivity [Kienast et al., 2013] , a depleted foraminiferal δ 13 C signature [Spero and Lea, 2002; Pena et al., 2008] , lower surface pH (greater surface pCO 2 ) [Martinez-Boti et al., 2015] , and an enriched ϵNd composition [Pena et al., 2013] . High accumulation rate cores in the central and western equatorial Pacific have also been able to capture this deglacial productivity peak [Hayes et al., 2011; Winckler et al., 2016] .
Thermocline deepening during the deglaciation may also have contributed to an increased flux of nutrients around 15 ka. The dramatic reduction of Atlantic meridional overturning circulation during HS1 Bradtmiller et al., 2014; Oppo et al., 2015] [Hain et al., 2014] , leading to a greater volume of southern-sourced intermediate water production [Hain et al., 2014; Allen et al., 2015] . If more intermediate water were exported to the low latitudes, the tropical thermocline would deepen. Reconstructions of thermocline depth have generated conflicting results for the Last Glacial Maximum, with evidence for both a deeper thermocline [Dinezio et al., 2011; Ford et al., 2015] and a shallower thermocline [Regoli et al., 2015] . During the deglaciation, records of the thermocline steepness and the intensity of upwelling suggest a peak in upwelling rates and thermocline thickness at~15 ka in the EEP [Shaari et al., 2013] . Ecological transfer functions based on foraminifera and coccolithophores are consistent with peak upwelling rates 20-15 ka that subsequently decline from 14 to 8 ka [Martinez et al., 2006] , and nutrient utilization (δ 15 N) coupled with productivity records have also identified a deglacial maximum in nutrient supply and nutrient utilization at 15 ka in the EEP [Robinson et al., 2009; . Although much of this previous work has focused on the EEEP, the spatial variability in Mode 2 suggests that the strongest productivity response to the nutrient rich deep water pulse may occur in the central equatorial Pacific. The loading of this mode appears to be highest at sites with 231 Pa/ 230 Th, indicating that perhaps the nutrient pulse incorporated a higher Si/NO 3 ratio from the entrainment of deep waters. Furthermore, selective sensitivity to opal scavenging may explain why this productivity peak is more pronounced in some records rather than others.
Mode 3: Precessional Influence on Wind-Driven Upwelling and Thermocline Dynamics
Another potential influence on the rate and depth of equatorial upwelling, particularly in the EEEP, is the position of the Intertropical Convergence Zone (ITCZ). Located where the northern and southern trade winds meet, the ITCZ is characterized by intense convection, heavy precipitation, low sea surface pressure, and high sea surface temperature [Waliser and Gautier, 1993; McGee et al., 2007; Nicholson, 2009; Schneider et al., 2014] . The ITCZ migrates seasonally, favoring each hemisphere in its respective summer [Broccoli et al., 2006; Kang et al., 2008] , and today, the mean ITCZ is located~10°N in the eastern Pacific [Waliser and Gautier, 1993] . When the ITCZ shifts southward during boreal winter, the primarily vertical winds within the ITCZ suppress Global Biogeochemical Cycles
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the strong easterlies that normally drive upwelling in the EEEP [Dubois et al., 2014] , simulating El Niño-like conditions [Clement et al., 1999] . This more southerly position of the ITCZ is seasonally associated with weaker upwelling, higher sea surface temperatures, and reduced surface productivity [Koutavas and LynchStieglitz, 2005] .
The relationship between the ITCZ and upwelling may persist on longer time scales beyond the seasonal cycle. Because the ITCZ deflects into the warmer hemisphere, long-term variations in the interhemispheric temperature gradient can shift the mean position to the north or to the south. This temperature imbalance can be associated with large-scale atmospheric and ocean circulation processes [Manabe and Stouffer, 1995; Vellinga and Wood, 2002; Zhang and Delworth, 2005; Chiang, 2009; Fuckar et al., 2013; Marshall et al., 2014] , but it can also respond to local insolation [Koutavas and Lynch-Stieglitz, 2005; Schneider et al., 2014] , which, in the tropics, is dominated by precession. Precessional dynamics in the ITCZ and the affiliated tropical rain belt are well documented in climate records from the tropical continents [e.g., Gasse, 2000; Fleitmann et al., 2007; Berke et al., 2012; Carolin et al., 2013] .
Pacific reconstructions with precessional and half-precessional cycles [Beaufort et al., 2001; Koutavas et al., 2002; Martinez et al., 2003; Pena et al., 2008; Ivanova et al., 2012; are almost exclusively located in the EEEP and may reflect the consequences of local insolation forcing on the mean state of the El Niño-Southern Oscillation (ENSO) [Clement et al., 1999] . High precession index, when the ITCZ is shifted to the north, corresponds with enhanced upwelling and a more La Niña-like state [Beaufort et al., 2001; Koutavas et al., 2002; Martinez et al., 2003; Pena et al., 2008] leading to greater nutrient delivery and utilization . Low precession index, when the ITCZ is shifted to the south, damps upwelling and generates a more El Niño-like state [Beaufort et al., 2001; Koutavas et al., 2002; Martinez et al., 2003; Pena et al., 2008] leading to reduced nutrient delivery and utilization . Additionally, the strong presentation of precessional forcing in the EEEP may be related to its particular sensitivity to seasonal variability compared to the CEP and WEP [Wang and Fiedler, 2006; Rafter and Sigman, 2016] , which would directly link surface productivity to insolation cycles without the intervening ENSO system. The link between ITCZ movement, ENSO dynamics, seasonal variability, and upper ocean biogeochemistry all converge on a productivity response to precessional forcing that would be effected most acutely in the EEEP.
Indeed, the productivity pattern of Mode 3 evokes precessional and half-precessional cycles, with the strongest loading in the EEEP. Of the three modes, Mode 3 has the greatest uncertainty ( Figure 5 ), but it can be interpreted as either three half-precessional peaks at 0, 10, and 20 ka or one precessional peak at 10 ka, with a gradual increase in productivity from 25 ka to 10 ka followed by an abrupt decline at~8 ka. The more robust productivity maximum at 10 ka coincides with the Northern Hemisphere Holocene Thermal Maximum, which fueled the Green Sahara of the African Humid Period with a mean ITCZ shifted substantially to the north both on land [de Menocal et al., 2000] and in the ocean [Reimi and Marcantonio, 2016] . A similar deflection of the ITCZ in the EEEP would have promoted La Niña-like conditions, vitalizing surface productivity, especially in the relatively nutrient-replete conditions inferred from Mode 1 at this time. However, while the spatial loading of Mode 3 is weighted toward the EEEP, even there it accounts for only a minor fraction (13%) of the variability in productivity. Considering the uncertainties on Mode 1 (48.9 ± 4.8%) and Mode 2 (15.5 ± 2.7%), it is possible that Mode 3 is an artifact of the data analysis with no mechanistic significance. At most it would only have a tertiary influence on the trends in productivity. Future work may substantiate the hypothesis that the migration of the ITCZ and its effects on ENSO dynamics can influence productivity in the EEP on precessional time scales.
Conclusions
Productivity in the equatorial Pacific has been systematically variable, both spatially and temporally, over the last 30 kyr. The dominant temporal pattern is an increase in productivity from the last glacial period to the Holocene, with some cores presenting a secondary productivity peak at 15 ka. In the eastern equatorial Pacific, there is weak evidence for precessional cycles in productivity that may be associated with the ITCZ and its interactions with ENSO dynamical systems. Overall, productivity changes in the equatorial Pacific can largely be attributed to changes in upwelling nutrient concentrations, which are predominantly controlled by processes occurring in the high latitudes. Together, the three modes indicate that peak Global Biogeochemical Cycles
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productivity occurred during the deglaciation in the east, where upwelling rates are most influential, and elsewhere across the equatorial Pacific during the Holocene, when upwelling nutrient concentrations were the highest.
